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Abstract
A hydrologic model of the Shingobee Watershed in north-central Minnesota was developed to reconstruct
mid-Holocene paleo-lake levels for Williams Lake, a surface-water body located in the southern portion of the
watershed. Hydrologic parameters for the model were first estimated in a calibration exercise using a 9-yr
historical record (1990–1998) of climatic and hydrologic stresses. The model reproduced observed temporal
and spatial trends in surface/groundwater levels across the watershed. Mid-Holocene aquifer and lake levels
were then reconstructed using two paleoclimatic data sets: CCM1 atmospheric general circulation model
output and pollen-transfer functions using sediment core data from Williams Lake.
Calculated paleo-lake levels based on pollen-derived paleoclimatic reconstructions indicated a 3.5-m drop in
simulated lake levels and were in good agreement with the position of mid-Holocene beach sands observed in
a Williams Lake sediment core transect. However, calculated paleolake levels based on CCM1 climate forcing
produced only a 0.05-m drop in lake levels. We found that decreases in winter precipitation rather than
temperature increases had the largest effect on simulated mid-Holocene lake levels. The study illustrates how
watershed models can be used to critically evaluate paleoclimatic reconstructions by integrating geologic,
climatic, limnologic, and hydrogeologic data sets.
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A hydrologic model of the Shingobee Watershed in north-central
Minnesota was developed to reconstruct mid-Holocene paleo-lake
levels for Williams Lake, a surface-water body located in the south-
ern portion of the watershed. Hydrologic parameters for the model
were first estimated in a calibration exercise using a 9-yr histor-
ical record (1990–1998) of climatic and hydrologic stresses. The
model reproduced observed temporal and spatial trends in surface/
groundwater levels across the watershed. Mid-Holocene aquifer
and lake levels were then reconstructed using two paleoclimatic
data sets: CCM1 atmospheric general circulation model output and
pollen-transfer functions using sediment core data from Williams
Lake.
Calculated paleo-lake levels based on pollen-derived paleocli-
matic reconstructions indicated a 3.5-m drop in simulated lake lev-
els and were in good agreement with the position of mid-Holocene
beach sands observed in a Williams Lake sediment core transect.
However, calculated paleolake levels based on CCM1 climate
1 Present Affiliation: Barr Engineering Company, Minneapolis, Minnesota
55435.
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forcing produced only a 0.05-m drop in lake levels. We found that
decreases in winter precipitation rather than temperature increases
had the largest effect on simulated mid-Holocene lake levels. The
study illustrates how watershed models can be used to critically eval-
uate paleoclimatic reconstructions by integrating geologic, climatic,
limnologic, and hydrogeologic data sets. C© 2002 University of Washington.
Key Words: Groundwater water; paleohydrology; pollen transfer
functions; paleolimnology; climate change.
INTRODUCTION
Lake-core records and atmospheric global circulation models
(GCMs) have been extensively used to reconstruct past climatic
conditions across continents (e.g., COHMAP Members, 1988).
Climatic reconstruction methods based on lake-sediment cores
have utilized temporal changes in the assemblages of aquatic
plant macrofossils, ostracodes, diatoms, pollen, and chirono-
mids, as well as sediment geochemistry and sediment facies
information to infer changes in lake levels, lake salinity, precip-
itation, and temperature (e.g., Bernabo and Webb, 1977; Fritz
et al., 2000). These methods provide an independent means of
2460033-5894/02 $35.00
Copyright C© 2002 by the University of Washington.
All rights of reproduction in any form reserved.
HYDROLOGIC MODEL, SHINGOBEE WATERSHED, MINNESOTA 247
FIG. 1. Location of Elk Lake and the Shingobee watershed (approximately
46◦57′30′′N, 94◦42′W) in Minnesota. Location of lakes, streams, and wells
within the Shingobee watershed are shown. Average (1990–1998) lake levels and
water-table contours (where known) are presented in meters. “USGS”-United
States Geological Survey; “U of MN”-University of Minnesota.
estimating select climatic variables. Taken alone, however, each
method provides limited insight into overall climatic conditions.
For example, reconstructions of past climate based on sediment
facies data provide reconstructions of paleo-lake levels but fail
to provide direct information regarding precipitation or tempera-
ture. Transfer functions developed using faunal or pollen assem-
blages, on the other hand, provide estimates of summer/winter
paleo-temperatures and paleo-precipitation but do not provide
insights on changes in lake levels, extreme climatic events, or
other important climatic variables such as humidity. GCMs pro-
vide more information on a wide range of climatic variables than
can be gained from lake-core records. However, GCMs utilize
land-surface parameterization schemes that do not incorporate
small-scale (1–10 km) features of the hydrologic cycle such as
streams, lakes, and aquifers, owing to their relatively coarse-
spatial scale (typically 400 × 400 km). Thus, it has been diffi-
cult to make direct comparisons between GCM paleo-climatic
reconstructions with those obtained from lake-sediment corse.
Physically based, distributed-parameter hydrologic models
developed at the watershed scale can overcome some of the
limitations of the above-mentioned approaches by representing
the paleo-hydrologic cycle at relatively fine spatial and temporal
resolution. They allow for the quantitative evaluation of whether
various paleoclimatic reconstructions are self-consistent. In this
study we present a paleo-hydrologic model for the Shingobee
watershed (Fig. 1) in north-central Minnesota that incorporates
streams, lakes, and subsurface aquifers at a horizontal spatial
resolution down to 10 × 10 m. We use this model to critically
evaluate paleoclimatic reconstructions for the mid-Holocene dry
period (6000 14C yr B.P.) in Minnesota by comparing the po-




The climatic history of Minnesota has been reconstructed
from lake core records from different regions of the state. These
indicate that the middle Holocene was dry and warm. One of
these records comes from varved sediment cores extracted from
Elk Lake (e.g., Dean et al., 1984), which is near our study area
(Fig. 1). Bartlein and Whitlock (1993), using pollen records
extracted from these cores, found that the middle Holocene in
Minnesota was characterized by annual precipitation of 100 mm
less and temperatures of about 2.0◦C warmer than present.
Locke (1995) used pollen-transfer functions described by
Bartlein and Whitlock (1993) to reconstruct Holocene mean
January and July temperatures and mean annual precipitation for
the Shingobee watershed using pollen data from Williams Lake
sediment cores in the Shingobee watershed (Fig. 1). The results
indicate that within the interval of 9500 14C yr B.P. to present
the precipitation was at its lowest point 7700 14C yr B.P., about
250 mm less than today. In addition, mean July temperatures
were 4◦C warmer than today and January temperatures were
about 3.5◦C higher. Locke (1995) used sediment-facies data
to infer a drop in Williams Lake level between 2.5 and 4.5 m
during the warm dry period (4000 and 7700 14C yr B.P.) domi-
nated by prairie vegetation in the mid-Holocene (Fig. 2).
The middle Holocene has also been noted as a time of de-
creased regional precipitation (e.g., Wright et al., 1963) and
increased summer insolation as calculated by paleo-GCM ex-
periments (COHMAP Members, 1988). In this study, we utilized
output from the paleo-GCM model CCM1 data (Kutzbach et al.,
1998) from a single grid cell (ca. 400 × 400 km) which overlies
the Shingobee Watershed in Minnesota.
STUDY AREA
The Shingobee watershed in north-central Minnesota (Fig. 1)
is part of the larger upper Mississippi River watershed. Surface
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FIG. 2. Inferred lake level indicated by the presence of buried beach sands from transect of cores at Williams Lake (after Locke and Schwalb, 1997).
water bodies in the watershed include 11 lakes and 10 stream
segments. It is the site of the U.S. Geological Survey (USGS) In-
terdisciplinary Research Initiative (IRI), which was established
to advance the understanding of the hydrologic process through
lakes (Averett and Winter, 1997). As a result of this effort,
Winter (1997), Rosenberry et al. (2000), and others have studied
the watershed’s hydrology, biology, chemistry, and geology.
FIG. 3. Average annual precipitation (A) and runoff (B) for 1951–1980
(from Olcott, 1992). (C) Average precipitation (cm/day) and temperature (◦C)
for 1990–1999 of Shingobee watershed (from U.S. Geological Survey meteo-
rological stations).
The Laurentide Ice Sheet repeatedly overran Minnesota dur-
ing the Pleistocene, leaving highly heterogeneous sediment and
glacial landforms. The Shingobee watershed is characterized by
hummocky topography and lies near the convergence of two
major glacial landforms in the region, the Itasca and St. Croix
moraines, which were formed during the St. Croix phase of the
Wisconsin glaciation (Wright, 1972).
Lakes have accumulated deposits throughout the Holocene
(Wright et al., 1993). Within the watershed, Crystal Lake and
Williams Lake are the only major water bodies without input or
output streams. As a result of their position, farthest from the
outlet of the watershed, these lakes should be most sensitive to
changes in climate (Almendinger, 1989).
Recharge during the summer is negligible, because evapotran-
spiration exceeds available moisture from precipitation (Baker
et al., 1979). Average daily and annual precipitation and tem-
perature as well as annual runoff are presented in Figure 3.
Within the Shingobee watershed, the average annual surface
water runoff is about 24% of precipitation. The surface water
and groundwater fluctuations are in phase within the watershed,
which implies a good connection between these two reservoirs.
MATHEMATICAL MODEL
The Shingobee watershed has been the topic of several prior
modeling studies (Karls, 1982; Locke, 1995; Gerla, 1999). For
this study, a one-dimensional evapotranspiration/unsaturated
flow/heat transfer model for the vadose zone was constructed
to calculate temporal variations in recharge to the aquifer. Soil-
moisture redistribution in the model was approximated with an
implicit finite-difference scheme that relates pressure head to
unsaturated hydraulic conductivity and specific capacity (e.g.,
Selker et al., 1999). Evapotranspiration is represented using a
modified Penman-Montieth equation (Dingman, 1994). The cal-
culated recharge from this one-dimensional vadose-zone model
was used as input to a three-dimensional surface water/
groundwater model (MODFLOW; McDonald and Harbaugh,
1988) to calculate lake and aquifer levels.
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MODFLOW input data sets were generated using the
ArgusONETM preprocessor with a modified Graphical User In-
terface developed by Richard Winston (unpublished, 1999) that
incorporates the MODFLOW lake (Cheng and Anderson, 1993)
and stream (Prudic, 1989) packages. The model was discretized
to a 34 × 71 cell grid (each cell is approximately 10 × 10 m)
with 8 vertical layers, each approximately 14 m in depth.
The lateral and basal model boundaries are all no-flow bound-
aries except for the northern boundary. The northern boundary
is specified as a constant-flux boundary as a result of the steep
gradient of the water table into the watershed at this bound-
ary. For this reason, a conservative flux of 6.12 × 10−5 m3 s−1
was determined from Darcy’s Law and applied to the Well Pack-
age in MODFLOW at this boundary. The outlet of the watershed
(Shingobee River out of Shingobee Lake) was specified at
405.7 m, which is the only fixed head in the model.
MODEL CALIBRATION TO THE SHINGOBEE WATERSHED
The one-dimensional vadose-zone model was calibrated us-
ing hourly time steps for period between 1990 and 1998, chosen
for the availability of climatic data. Climatic input to the vadose-
zone model includes precipitation, maximum daily temperature,
radiation, temperature, dew-point temperature, relative humid-
ity, wind speed, and snow depth. These data were available
from the USGS meteorological stations within the watershed.
During periods when hydrologic data were missing, they were
estimated using observed data from the nearby Alexandria Air-
port. Leaf-area index (LAI) was assigned using published values
(Dingman, 1994; maximum LAI of 4 for northern hardwood for-
est, 3 for grasslands). Albedo levels were varied based on land
cover for new snow, old snow, grass, and trees (e.g., Dingman,
1994). The sediment type used for the recharge calculation in
the unsaturated zone was homogenous sandy silt, which is char-
acteristic of the sediment in the Shingobee watershed area. The
relationships for soil moisture and conductivity as a function
of pressure head were found experimentally for the soil and in-
corporated into Richards’ equation (Richards, 1931) by linear
interpolation.
The depth of the unsaturated zone varies significantly within
the Shingobee watershed. Adjusting the depth of the unsaturated
zone used in the model influenced the lag time between snow
melt/precipitation and recharge at the water table. A water-table
depth of 15 m was found to produce the best agreement between
simulated and observed lake and aquifer water levels. Yearly
average recharge in the area has been estimated to range from 75
to 350 mm yr−1 based on groundwater-model calibration to lake
and water-table levels by a number of previous investigations
(Karls, 1982; Locke, 1995; Gerla, 1999).
The model was calibrated based on the magnitude and tim-
ing of recharge and its associated effect on simulated lake and
aquifer levels. Simulated values were compared to observed
water levels in monitoring wells and lakes. While this approach
can yield a nonunique solution (varying either the hydraulic con-
FIG. 4. Calculated monthly average recharge (R) and observed snow depth
(SD) for 1990–1999.
ductivity or the recharge rate can produce a good fit to aquifer and
lake water-level data), numerous transient aquifer tests provide
some independent constraints on the magnitude of hydraulic
conductivity for the study area. Single and multiwell aquifer tests
in and around the University of Minnesota well field, located in
the southern portion of the watershed (Fig. 1), resulted in a mea-
sured range of hydraulic conductivities from 9.15 × 10−07 to
1.72 × 10−3 m s−1.
Calculated recharge for the Shingobee watershed was found
to be 241 mm yr−1 (Fig. 4). This represents about 30% of av-
erage annual precipitation, a reasonable value when compared
to surface water runoff estimates from Bartlein et al. (1984).
The peaks in recharge correspond to spring snowmelt events.
The highest peak in recharge is attributed to high observed snow
depth in 1997 in the study area (Fig. 4).
As part of the groundwater/surface water model calibration
observed lake levels, representative water-table levels from five
wells, and Shingobee River stream flow was compared with
simulated values. The locations of the five wells throughout the
watershed and the Shingobee stream gauge used in the calibra-
tion procedure are shown in Figure 1. Shingobee and Williams
Lake records were evaluated for the period of 1990–1998.
The parameter varied in the model calibration exercise which
had the greatest impact on simulated surface water and ground-
water levels was the hydraulic conductivity of the aquifer. Glacial
materials in particular are difficult to characterize because of the
complex depositional environments and associated permeability
heterogeneity of the sediments (Winter, 1975). The model best
matched observed data with three main hydraulic conductivity
zones, which varied from south to north across the watershed.
The zones are consistent with the north-to-south trend of coarse
sand, fine sand, and silt sediments. For the purpose of this study,
the till at the base of the aquifer system is considered to be the
bottom of the aquifer, as the conductivity of the till is at least
two orders of magnitude greater than that of sand, essentially
removing it from the system (Freeze and Witherspoon, 1967).
Since the lakes appear to be in good connection with the aquifer,
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FIG. 5. Cross-section showing the vertical extent of hydraulic conductivity
layers used in MODFLOW model of Shingobee watershed. Insert shows lateral
extent of hydraulic conductivity zones and location of cross section.
FIG. 6. Observed (dashed) and calculated (solid) water levels in wells from
1990 to 1998. The locations of the wells are shown in Figure 1. Note that the
vertical axis is not continuous between individual well plots.
lake-bed sediments were given the same hydraulic conductivi-
ties as the aquifer in which the lake is located (Fig. 5).
Observed and calculated water levels for five wells in the
watershed were in good agreement (Fig. 6). Simulated fluctua-
tions in water-table levels of about 1 m were largely in phase with
observed variations during the model-calibration period. The
poor fit between the observed and modeled values of well SW25
is probably due to spatial heterogeneities in hydraulic conducti-
vity that are not represented in the model and the close proxi-
mity to the boundary between hydraulic conductivity zones. The
simulated and observed spatial water-table patterns agree well
(Fig. 7). The areas where lakes occur correspond to the regions
of extremely low water-table gradients in Figure 7.
Simulated lake levels for Williams Lake (which has no
surface-water inflows or outflows) agree with observed levels
(Fig. 8). However, the agreement between simulated and ob-
served Lake levels is not as good for Shingobee Lake; a lake
with surface water inflows and outflows. In addition, the calcu-
lated average annual Shingobee Lake outlet discharge is 2.34 ×
106 m3 yr−1, which is low compared with observed average
annual surface water discharge of 3.5 × 106 m3 yr−1.
FIG. 7. Average (1990–1999) calculated (solid) and observed (dashed)
water-table elevation. The contour map is based on water levels measured in
23 wells in the southern portion of the study area. The locations of the wells are
shown in Figure 1.
HYDROLOGIC MODEL, SHINGOBEE WATERSHED, MINNESOTA 251
FIG. 8. Observed (dashed) and calculated (solid) lake levels for Shingobee
and Williams Lakes between 1990 and 1998. The poor fit between computed
and observed Shingobee Lake levels is thought to be due to the influence of
beaver dams near the surface water outlet of the lake.
Lake levels and outflow at the outlet correlate poorly with the
observed data for Shingobee lake for many reasons. To begin,
the observed stream-discharge data are measured downstream
of the outlet of Shingobee Lake and the Howard Lake tribu-
tary joins the Shingobee River before the USGS gauging station
(Fig. 1). No observed data exists for this tributary, accounting
for a portion of the error. In addition, numerous beaver dams
exist along the river and at the outlet of the lake and have a
large effect on the stream flow and muting the lake level re-
sponse to climate (Dallas Hudson, personal communication,
1999). As a result, matching Shingobee Lake levels was not
a primary goal of the model calibration exercise. However, the




The calibrated hydrologic model was used to reconstruct pa-
leohydrologic conditions in the Shingobee watershed for the
mid-Holocene. Two sources of precipitation and temperature
data were evaluated for the middle Holocene in this study. Both
the CCM1 output and pollen data of Locke (1995) provide es-
timates for precipitation and temperature for 6000 14C yr B.P.
However, the vadose-zone model needs additional climatic input
data. The vadose-model requires leaf area index, rooting depth,
temperature, precipitation, wind speed, snow depth, radiation,
and humidity.
Snow depth was found by converting precipitation to snow
when the temperature was below 0◦C. The leaf area index for
the mid-Holocene was estimated to be that for grass, and the
rooting depth was estimated to be about 1 m (Locke, 1995).
It is not possible to predict humidity and wind speed for the
paleoclimatic forcing; hence, we assumed modern values for
these variables. This assumption is a potential source of error.
Webb et al. (1987) and Harrison et al. (1998) describe two
approaches for reconstructing past climatic forcing: the direct
and the anomaly approach. In the direct approach, the actual
output of temperature and precipitation from the GCM is used
to drive the watershed hydrologic model for the control (mod-
ern) and the 6000 14C yr B.P. simulations. We rejected the direct
approach because the CCM1 modern run resulted in unrealis-
tic declines in simulated aquifer and lake levels. Instead, fol-
lowing the “anomaly” approach of Webb and Bartlein (1987),
we superimposed the differences between the CCM1 modern
and scenario (i.e., the 6000 14C yr B.P. CCM1 climate forcing;
Fig. 9) data sets on the observed modern climate record (1990–
1998) to obtain the paleoclimatic forcing for 6000 14C yr B.P.
Recharge rates from the vadose zone model which incorporated
this paleoclimatic forcing were used as input to MODFLOW to
reconstruct paleo-aquifer and paleo-lake levels. The results of
FIG. 9. (A) CCM1 Paleo–global circulation model (GCM) reconstruc-
tion of precipitation in Minnesota for control run (solid line), 6000 14C yr
B.P. (dashed line), and observed monthly average modern (long-dashed line).
(B) CCM1 Paleo-GCM reconstruction of temperatures in Minnesota for con-
trol run (solid line), 6000 yr 14C B.P. (short dashed line), and modern observed
monthly average modern (long-dashed line; after Kutzbach et al., 1998).
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FIG. 10. Calculated Williams Lake level (solid line) using recharge from
regression analysis in the anomaly method, run for 160 yr. The dashed line
indicates estimated mid-Holocene lake level of Locke (1995) inferred from
elevation of beach sand. About 100 yr are required for the hydrologic system to
equilibrate to mid-Holocene climatic conditions.
the “anomaly” approach show little change (<0.05 m ) in simu-
lated Williams Lake levels between the modern and 6000 14C yr
B.P.
Locke used a method described by Bartlein et al. (1984) and
Bartlein and Webb (1985) to predict precipitation, January tem-
perature, and July temperature for the middle Holocene drought.
Changes in pollen abundances indicate that annual precipitation
6000 14C yr B.P. was about 250 mm less than today (about 62% of
modern precipitation). In addition, January temperatures were
about 3.5◦C warmer and July temperatures were about 4.0◦C
warmer than present. For consistency, the changes in precipi-
tation and temperature were applied in our model using the
anomaly approach of Harrison et al. (1998). Modern precipi-
tation was decreased by 62% and temperatures increased 3.5◦C
in the winter and 4.0◦C in the summer. The calculated paleo-
recharge from the vadose-zone model, using Locke’s (1995)
results as input, had an average value of 4.63 × 10−9 m s−1.
When the monthly average recharge values produced by the
GCM output and pollen-transfer functions were applied to
MODFLOW, Williams Lake dropped 3.5 m ( Fig. 10). This
lake-level drop in Williams Lake is within the range of the values
predicted by examining paleo-shoreline migration in Williams
Lake (2.5–4.5 m; Fig. 2). Inspection of Figure 10 indicates that
more than 100 yr are required for the calculated lake levels to
equilibrate to the new climatic conditions.
The calculated recharge based on the two paleoclimatic recon-
structions were quite different from each other for the Shingobee
watershed (Table 1). A sensitivity study using our unsaturated
TABLE 1
Comparison of Modern and Paleorecharge Estimates
for Shingobee Watershed, Minnesota
Source Average recharge (m s−1)
Modern observed 7.74 × 10−9
CCM1, 6000 14C yr B.P. 7.54 × 10−9
Pollen-transfer function analysis 4.63 × 10−9
zone model was carried out in which temperature and precipi-
tation were independently varied to determine their relative ef-
fects on calculated recharge. These parameters were varied over
a range of uncertainty indicated by the different paleoclimatic
reconstructions presented in this study. Results suggest that the
most important factor in aquifer recharge and paleo-lake levels is
the winter precipitation. Changing precipitation with fixed tem-
perature resulted in a much more significant change in recharge
of 6.16 × 10−9 m s−1 (two orders of magnitude). Changes in
summer precipitation rates had only a minor effect on calcu-
lated recharge because plant transpiration could utilize almost
all of the additional water delivered to the root zone. Changes
in temperature (holding precipitation fixed) only resulted in a
4 × 10−11 m s−1 change in recharge.
DISCUSSION
The value of the approach presented in this study is that we
were able to quantify the impact of various paleoclimate re-
constructions on the hydrologic cycle directly by reconstructing
paleo-lake levels and then comparing them to an independent
record of climate change, lake shoreline stratigraphic records.
Watershed-scale mathematical modeling could also be used to
critically evaluate paleoclimatic reconstructions based on iso-
topic and geochemical proxies. For example, isotopic compo-
sition of ostracodes from Shingobee and Williams Lake cores
reported by Locke and Schwalb (1997) show a variation that is
linked to the changes in pollen assemblages. Although paleolim-
nologists often use lake chemistry and salinity to reconstruct cli-
mate (e.g., Fritz et al., 2000; Laird et al., 1996), the relationships
between these proxies and annual temperature and rainfall are
not well understood. The isotopic composition of lakes can be
reconstructed for the Holocene by adding advection-dispersion
isotope transport and lake fractionation equations (Cross et al.,
2001) to watershed hydrologic models.
While there is some concern in using GCM and pollen-based
paleoclimatic data sets to drive a watershed-scale hydrologic
model, our results are consistent with more regional studies.
For example, Webb et al. (1998) showed that CCM1 paleo-
climatic data for the Eastern USA did not represent the mid-
Holocene drought based on their evaluation of regional, pollen-
based reconstructions of precipitation and temperature for that
time period.
CONCLUSIONS
In this study, a high-resolution, physically based, ground-
water/surface water model was used to reconstruct paleo-
recharge, lake levels, water-table configuration, and stream flow
for the Shingobee watershed in north-central Minnesota. Hydro-
logic parameters were first estimated in a calibration exercise
using hydrologic and climatic data between 1990 and 1998. The
calibrated model was then used to reconstruct paleohydrologic
conditions for 6000 14C B.P.
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Two methods for reconstructing paleo-climatic conditions and
lake levels were assessed to determine if they could predict the
observed range of 2.5–4.5 m decline in Williams Lake, within
the Shingobee watershed, as reported by Locke (1995) for the
middle Holocene based on beach sand facies. The first approach
utilized paleo-GCM output (CCM1; Kutzbach et al., 1998).
These paleoclimate simulations did not accurately represent the
mid-Holocene drought conditions in Minnesota and calculated
water levels for Williams Lake were only about 0.05 m lower
than present-day lake levels. We also evaluated paleoclimatic re-
construction using pollen data from a Williams Lake core. Paleo-
climatic conditions using pollen-transfer functions of Bartlein
et al. (1984) and Bartlein and Webb (1985) were used by Locke
(1995) to predict Holocene winter temperature, summer tem-
perature, and annual precipitation for the Shingobee Watershed.
The watershed model calculated a lake-level drop of 3.5 m in
Williams Lake using these pollen-derived estimates, which is
consistent with the observed decrease for the mid-Holocene.
This study demonstrates that watershed-scale mathematical
models represent a powerful tool for in paleoclimate studies. Our
watershed-scale hydrologic model was able to critically evaluate
whether different paleo-climatic reconstructions were internally
consistent with one another. This approach also provides a means
to evaluate how regional climate estimates will impact local
hydrologic conditions at the watershed scale.
REFERENCES
Almendinger, J. E. (1989). Lake and groundwater paleohydrology; use of
groundwater flow theory to explain past lake levels in west-central Minnesota,
Technical Report—Water Resources Research Center, University of
Minnesota, 129, 82.
Averett, R. C., and Winter, T. C. (1997). History and status of the U.S. Geo-
logical Survey Interdisciplinary Research Initiative in the Shingobee River
Headwaters Area. In “Hydrological and Biogeochemical Research in the
Shingobee River Headwaters Area, North-Central Minnesota” (T. C. Winter,
Ed.), pp. 1–2. US Geological Survey Water Resource Investigations Report
96-4215.
Baker, G. B., Nelson, W. W., and Kuenast, E. L. (1979). The hydrologic cycle
and soil water, Climate of Minnesota, Technical Bulletin 322.
Bartlein, P., and Webb, T., III. (1985). Mean July Temperature at 6000 yr. B.P. in
Eastern North America: Regression equations for estimates from fossil pollen
data. In “Climatic change in Canada 5: Critical periods in the Quaternary
climatic history of northern North America” (D. R. Harrington, Ed.). Syllogeus
55, 301–342.
Bartlein, P., and Whitlock, C. (1993). Paleoclimate interpretation of the Elk Lake
pollen record. In “Elk Lake, Minnesota: Evidence for Rapid Climate Change
in the North-Central United States” (J. P. Bradbury and W. E. Dean, Eds.),
pp. 275–293, Geol. Soc. of Am. Special Paper 276, Boulder, Colorado.
Bartlein, P., Webb, T., III, and Fleri, E. (1984). Holocene climatic change in
the northern Midwest: Pollen-derived estimates: Quaternary Research 22,
361–374.
Bernabo, J. C., and Webb, T., III. (1977). Changing patterns in the Holocene
pollen record of northeastern North America: A mapped summary. Quater-
nary Research 8, 64–96.
Cheng, X., and Anderson, M. P. (1993). Numerical simulation of ground-water
interaction with lakes allowing for fluctuating lake levels. Ground Water 31,
929–933.
COHMAP Members. (1988). Climatic changes of the last 18,000 years: Obser-
vations and model simulations. Science 241, 1043–1052.
Cross, S. L., Baker, P. A., Seltzer, G. O., Fritz, S. C., and Dunbar, R. B. (2001).
Late Quaternary climate and hydrology of tropical South America inferred
from an isotopic and chemical model of Lake Titicaca, Bolivia and Peru,
Quaternary Research 56, 1–9.
Dean, W. E., Bradbury, J. P., Anderson, R. Y., and Barnosky, C. W. (1984). The
variability of Holocene climatic change: Evidence from varved lake sedi-
ments. Science 226, 1191–1194.
Dingman, S. L. (1994). “Physical hydrology.” Macmillan, Co. New York.
Freeze, R. A., and Witherspoon, P. A. (1967). Theoretical analysis of regional
ground water flow: Z. Effect of water table configuration and subsurface
permeability variation: Water Resource Research 3, 623–634.
Fritz, S. C., Ito, E., Yu, Z., Laird, K., and Engstrom, D. R. (2000). Hydrologic
variation in the Northern Great Plains during the last two millennia, Quater-
nary Research 53, 175–184.
Gerla, P. J. (1999). Estimating the ground-water contribution in wetlands using
modeling and digital terrain analysis, Wetlands 19, 394–402.
Harrison, S. P., Jolly, D., Laarif, F., Abe-Ouchi, A., Dong, B., Herterich, K.,
Hewitt, C., Joussaume, S., Kutzbach, J. E., Mitchell, J., de Noblet, N., and
Valdes, P. (1998). Intercomparison of simulated global vegetation distribu-
tions in response to 6 kyr BP orbital forcing. Journal of Climate 11, 2721–
2742.
Karls, R. M. (1982). A ground water model of the Williams Lake Water-
shed, Hubbard County, Minnesota. Unpublished Master’s thesis, University of
Arizona, Tucson.
Kutzbach, J., Gallimore, R., Harrison, S., Behling, P., Selin, R., and Laarif,
F. (1998). Climate and biome simulations for the past 21,000 years. “Late
Quaternary climates; data synthesis and model experiments” (T. Webb, III,
Ed.). Quaternary Science Reviews 17(6–7), 473–506.
Laird, K., Fritz, S. C., Maasch, K. A., and Cummings, B. F. (1996). Greater
drought intensity and frequency, before A.D. 1200 in the Northern Great
Plains, USA, Nature 384, 552–554.
Locke, S. M. (1995). A paleohydrologic model applied to the Holocene sedi-
ment stratigraphy of two lakes in north-central Minnesota, Unpublished Ph.D.
dissertation, University of Minnesota, Twin Cities.
Locke, S. M., and Schwalb, A. (1997). Sediment stratigraphy and paleolimno-
logical characteristics of Williams and Shingobee Lakes. In “Hydrological and
Biogeochemical Research in the Shingobee River Headwaters Area, North-
Central Minnesota” (T. C. Winter, Ed.), pp. 187–192. US Geological Survey
Water Resource Investigations Report 96-4215.
McDonald, M. G., and Harbaugh, A. W. (1988). A modular three-dimensional
finite-difference groundwater flow model. In “Techniques of Water—
Resources Investigations.” USGS, Book 6, ChA1.
Olcott, P. G. (1992). Ground water atlas of the United States; Segment 9, Iowa,
Michigan, Minnesota, and Wisconsin, U.S. Geological Survey. Hydrologic
Investigations Atlas, J1–J31.
Prudic, D. E. (1989). Documentation of a computer program to simulate stream–
aquifer relations using a modular, finite–difference, ground-water flow model.
Open-File Report 88-729, U.S. Geological Survey.
Richards, L. A. (1931). Capillary conduction of liquids in porous mediums,
Physics, 1, 318.
Rosenberry, D. O., Striegl, R. G., and Hudson, D. C. (2000). Plants as indicators
of focused ground water discharge to a northern Minnesota Lake. Ground
Water 38, 296–303.
Selker, J. S., Keller, C. K., and McCord, J. T. (1999). “Vadose Zone Processes.”
Lewis, New York.
Webb, T., III, Anderson, K. H., Bartlein, P. J., and Webb, R. S. (1998). Late
Quaternary climate change in eastern North America; A comparison of pollen-
derived estimates with climate model results. In “Late Quaternary Climates;
Data Synthesis and Model Experiments, Quaternary Science Reviews, 17,
587–606.
254 FILBY ET AL.
Webb, T., III, Bartlein, P. J., and Kutzbach, J. E. (1987). Climate change in
eastern North America during the past 18,000 years; Comparisons of pollen
data with model results. In “North America and Adjacent Oceans during the
last deglaciation” (W. F. Ruddiman and H. E. Wright Jr., Eds.). Geological
Society of America, The Geology of North America, K-3, pp. 447–462.
Winter, T. C. (1975). Delineation of buried glacial-drift aquifers, Journal of
Research, U.S. Geological Survey 3, 137–148.
Winter, T. C. (1997). Hydrological and biogeochemical research in the
Shingobee River headwaters area, north-central Minnesota. US Geological
Survey Water Resource Investigations Report 96-4215.
Wright, H. E. (1972). Physiography of Minnesota. In “Geology of Minnesota;
A Centennial Volume,” (P. K. Sims and G. B. Morey, Eds.), pp. 561–578.
Minnesota Geological Society.
Wright, H. E., Jr., Winter, T. C., and Patten, H. L. (1963). Two pollen diagrams
from southeastern Minnesota; problems in the regional late-glacial and
post-glacial vegetation history. Geological Society of America Bulletin 74,
1371–1396.
Wright, H. E., Kutzbach, J. E., Webb, T., III, Ruddiman, W. F., Street-Perrott,
F. A., and Bartlein, P. J. (Eds.). (1993). “Global climates since the last glacial
maximum.” Univ. of Minnesota Press, Minneapolis.
